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[1] Using ionogram-recorded data, the coupling between spread-F occurrence and
enhanced Es blanketing frequencies ( fbEs) (indicative of foEs changes), has been
investigated for an equatorial-ionospheric-anomaly crest station, Chung-Li, for the
postsunset periods of sunspot-maximum years. Apart from the evidence for coupling from
inspections of the f-plots alone, for the years analyzed (1981, 1982, 1988, and 1989),
statistical results of more significance were found from superposed-epoch analyses.
Isolated spread-F events of duration of 2 hours or less which started at or before 2200 LT
were used as controls on time series. These series were made up of comparisons between
15-min f-plot fbEs values and interpolated monthly median fbEs values. Evidence for
coupling was found for the analyses which involved 97 controls. The evidence in the
f-plots for three events involving Es patches, which investigators have examined in some
detail using the VHF radar at Chung-Li, suggests that these events are also coupled to
isolated spread-F occurrence. INDEX TERMS: 2415 Ionosphere: Equatorial ionosphere; 2435
Ionosphere: Ionospheric disturbances; 2439 Ionosphere: Ionospheric irregularities; 2487 Ionosphere: Wave
propagation (6934); KEYWORDS: sporadic E, spread-F, coupling, TIDs
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1. Introduction
[2] A recent investigation by Bowman and Mortimer
[2002] (hereinafter referred to as paper 1) examined, for
sunspot-minimum years and mainly during postmidnight
periods, spread-F/sporadic E (Es) coupling for an equatorial
ionospheric anomaly (EIA) crest station, Chung-Li. The
coupling is associated with the passage of medium-scale
traveling ionospheric disturbances (MS-TIDs). The results
were similar to those found for midlatitudes, some of the
literature for which can be found quoted by Bowman et al.
[1994]. For equatorial regions it has been shown by a
number of investigators [e.g., Flaherty et al., 1996; Sales
et al., 1996; Weber et al., 1996; Wright et al., 1996] that
spread-F traces on ionograms result mainly from tilted
isoionic surfaces produced, it seems likely, by MS-TIDs.
Therefore in this paper, as in paper 1, the spread-F events
considered will be assumed as associated with passing MS-
TIDs. Besides the evidence for midlatitude spread-F/spora-
dic E coupling detailed in paper 1, other literature needs to
be mentioned. Using airglow measurements coupling of this
kind has been detected at Arecibo, Garcia et al. [2000a,
2000b], and Swartz et al. [2002, p. 1545] report that ‘‘we
conclude there was strong coupling between the E and F
regions, perhaps even reaching the mesosphere.’’ Other
results on coupling are reported by Tsunoda and Cosgrove
[2001], Abdu et al. [2002], and Kherani et al. [2002]. This
present investigation involves analyses of Chung-Li iono-
gram recordings similar to those for paper 1, for times,
however, when similar ionospheric conditions do not occur
in midlatitudes. These analyses will involve the postsunset
times of sunspot-maximum years when the influence of the
EIA is dominant.
[3] Also of relevance to coupling investigations are the
so-called ‘‘tongues of ionization’’ involving well-defined
localized electron-density concentrations which travel with
MS-TIDs at times of spread-F occurrence. They extend
down from the F2 layer toward the Es layer where evidence
of their influence has been found. A directional ionosonde
has been used at a midlatitude location for the detection of a
number of these tongues. At a statistically significant level,
Es enhancements have been found associated with 18 of
these events [Bowman and Dunne, 1981, 1984]. Associated
with what were probably MS-TID structures moving south-
west at a Northern Hemisphere midlatitude location, Behnke
[1979] detected steep F2 layer ionization gradients, includ-
ing a layer tilt of 81 degrees, which seems likely to be a
tongue measurement. An excellent example of a tongue of
ionization was detected at a low-latitude Hawaii site on 11–
12 September 1961 by airglow measurements [Van Zandt
and Peterson, 1968]. The MS-TID responsible for the
disturbance conditions moved eastward at 175 km h1,
and structured spread-F traces were recorded. The tongue
had almost vertical isoionic contours and extended down-
ward from the F2 layer by 64 km [King, 1970]. For this
event, Steiger [1967] reports that the airglow measurements
also indicate related Es occurrence, as do the ionogram
traces in Figure 18 of Steiger’s paper. Mathews et al. [1997]
have reported nighttime midlatitude events which seem
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A4, 1148, doi:10.1029/2002JA009541, 2003
Copyright 2003 by the American Geophysical Union.
0148-0227/03/2002JA009541
SIA 4 - 1
likely to be tongues of ionization. They state (p. 1411) that
‘‘vertical wavelengths in excess of 30 km have been
observed from the base of the F-layer to the evening
intermediate TIL [tidal ion layer] with indications of cou-
pling into the 90–110 km region below’’ [see also Mathews
et al., 2001].
[4] The analyses used the same data source as was used
for paper 1. This consisted of booklets which contained
hourly values of ionospheric parameters obtained from
ionosonde recordings. Some data are recorded in more
detail by the use of f-plots which illustrate the fluctuations
of some of the parameters at 15-min intervals. Unlike the
analyses for paper 1 when interpolations between hourly
foEs values had to be used, here the 15-min values of the Es
blanketing frequencies ( fbEs) are sufficiently continuous for
use in analyses. The f-plot symbols need to be explained. In
the figures to be presented, the horizontal scale is in local
time and the vertical scale measures frequency in mega-
hertz. Spread-F occurrence is indicated by vertical lines
spaced at 15-min intervals, with the letter q indicating range
spread. The lines joining the dots illustrate the fbEs changes.
The maximum F layer frequencies recorded by the iono-
sonde ( foF and fxF ), as well as those for the E layer ( foE ),
which are all not needed for these analyses, are represented
in the figures to be presented. Circles indicate foF and foE,
while crosses are used for fxF. Samples of the symbols for
these maximum frequencies are labeled appropriately in
Figure 1. Doubtful values for these parameters are shown by
solid dots. The ‘‘fenced’’ sections at the bases of the
diagrams define the 1.6 MHz limit below which the
ionosonde was unable to make measurements. The analyses
used only spread-F events which commenced on or before
2200 LT, thus restricting them to the postsunset period.
Furthermore, only isolated events were used. Those events
which existed for 2 hours but 1 hour were labeled set 1,
while the set 2 label was used for the weaker events, which
existed for less than 1 hour. The fluctuations of the F2 layer
height changes (h0F2), to the nearest hour of the spread-F
onset times, have also been considered. Initially in section 2,
small sections of the f-plots will be illustrated and discussed
as examples of the proposed coupling. Section 3 will exa-
mine superposed-epoch results which allow the statistical
significance of the coupling to be assessed. Possible F2 layer
coupling for the Es patches examined recently by the Chung-
Li VHF radar is considered in section 4. The years inves-
tigated were 1981, 1982, 1988, and 1989, when the sunspot
number was greater than 100.
[5] Chung-Li is located 14.3N, 191.6E in geomagnetic
coordinates, and the local time is 8 hours ahead of universal
time.
2. Examples of Types of Coupling
[6] Different types of suspected fbEs coupling have been
identified as a hump type A, a spike type B, or a spot type C
event, with the spike event needing an fbEs value 5 MHz.
These types will be illustrated in the examples presented in
this section. Although it is not usual to identify individual
MS-TID (spread-F) events on nights when the occurrence is
continuous, it was possible on the night of 19–20 May 1988
(Figure 1). Different sets of maximum frequencies of 11.0,
9.4, and 7.2 MHz commencing at 2100, 2345, and 0130 LT,
respectively, would seem to identify three MS-TIDs. Max-
imum spread-F ranges were used here for these maxima.
Near the onsets of these spread-F events, there is a type B
fbEs fluctuation for the first MS-TID and type A events for
the other two. Thus, although not considered here for the
statistical analyses (section 3), there is evidence that during
sunspot-maximum periods, coupling also occurs at other
times of the night apart from the postsunset period. Figures
2a and 2b show type A hump events, while a type C spot
event is illustrated in Figure 2c. Usually these type C events
represent the only recording of fbEs during the night, and
this is the case for Figure 2c. Type B spike events are
Figure 1. Spread-F/fbEs associations on f-plots for the
entire night of 19–20 May 1988. Sample foF, fxF, and foE
symbols are labeled.
Figure 2. For postsunset periods, hump type coupling
events for (a) 7 October 1988 and (b) 8 September 1990 and
(c) a spot event for 7 October 1989.
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illustrated in Figure 3, with an additional event at 2215 LT
(just outside the analysis period) showing a type A event.
[7] For the particular isolated spread-F events identified
for the statistical analyses, the results of which will be
presented in the next section, the relative abundance of each
of the coupling types (A, B, or C) for both the set 1 and set 2
are shown in Table 1. The table indicates that the overall
percentage occurrences of 50 and 33 for sets 1 and 2,
respectively, represent some measure of the significance of
the proposed relationship. The weaker set 2 spread-F events
are associated with more type C fbEs occurrences than for
set 1.
3. Statistical Analyses
[8] An examination of the f-plots for the years analyzed
has found 42 occasions of isolated spread-F occurrences
satisfying the set 1 criteria, as explained in section 2. For set
2, fifty-five occurrences were detected. The superposed-
epoch analyses performed on these sets considered the onset
time of each spread-F event as the reference time, with the
interval covered extending from 5 hours before to 6 hours
after, but with a resolution of 15 min. Hourly median fbEs
values, with interpolated values at 15-min intervals, were
subtracted from the corresponding f-plot fbEs value to give a
fbEs time series for the analyses. As explained in paper 1,
the tabulated results record 1.6 MHz when the ionosonde is
unable to measure the foEs or fbEs parameters below this
frequency. For the analyses reported here, an arbitrary value
of 1.0 MHz is used whenever 1.6 MHz is listed. Figures 4
and 5give the results obtained. The level of significance can
be gauged not only from the error bars, but also from the
standard deviation displacements, the calculations for which
were explained in some detail earlier [Bowman, 1995]. A
similar type of analysis is shown in Figure 4 of Bowman
[2001], where Chung-Li data are also used to investigate
h0F variations. Figure 4a gives the superposed-epoch
results for set 1 and Figure 4b for set 2, and Figure 5a
represents the combining of all the events for set 1 and set 2.
All three diagrams show significant displacements which
commence at or near the spread-F onset times. These results
will be discussed in section 5. Because of the better
resolution, the analyses have used the blanketing Es fre-
quencies (fbEs) rather than the sporadic E frequencies (foEs).
Although the relationship between these two parameters is
expected to be variable, nevertheless it was hoped that
average fbEs values would represent a measure of foEs
changes. Figure 5b shows the results of an analysis which
compares these two parameters for times when the 15-min
Figure 3. For postsunset periods, spike events recorded on
(a) 15 October 1989, (b) 19 April 1989, and (c) 3 May
1988.
Table 1. Percentage Occurrence of fbEs Types
Types Set 1 Set 2
A 31 16
B 12 2
C 7 15
A + B + C 50 33
Figure 4. Blanketing fbEs variations statistically asso-
ciated with spread-F onsets for (a) set 1 (42 events) and (b)
set 2 (55 events).
Figure 5. (a) Same as for Figure 4, but using set 1 and set
2 events combined (97 events). (b) Comparison of foEs and
fbEs for 34 events.
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fbEs values were at or within 15 min of the recorded hourly
foEs values, which were used.
[9] An investigation has been made into whether or not
F2 layer height increases (h
0F) are also related to the
spread-F onsets as was reported in paper 1 for postmidnight
coupling events. Inspections of individual events suggested
height increases for occasions when enhanced fbEs could be
identified. However, in this postsunset period, significant
height rises also occurred around the sunset time (1800 or
1900 LT) which, using a superposed-epoch analysis,
seemed effective in masking the suggested increases around
2100 LT, the average time of onset of the spread-F events
being investigated. These negative results are not presented
here.
4. A Comparison With Chung-Li VHF Radar
Results
[10] In recent times, several papers have been published
concerning nighttime Es plasma irregularity patches (PIPs)
at Chung-Li as detected by VHF radar equipment [see Chu
and Wang, 1999; Huang, 2000; Wang and Chu, 2001, and
references therein]. For three of the particular events
considered for the VHF radar investigations, the Chung-
Li f-plots have been examined for possible associations
with spread-F occurrence. Sections of the relevant plots are
shown in Figure 6. Associations are indicated on all three
occasions near the onsets of the spread-F events. Figure 6a
relates to an Es occurrence as indicated by an enhanced fbEs
value over a time range 0215–0245 LT on 20 June 20 1993
at the onset of a spread-F event. Around the same time
(0205 to 0231) a PIP event was recorded by Chu and Wang
[1997]. An isolated spread-F trace (Figure 6b) at 2000 LT
on 1 September 1992 is accompanied by fbEs enhancements
at 2130, 2200, and 2215 LT, while over approximately the
same time interval (2110–2205 LT) Chen et al. [1996]
recorded PIPs. Finally, fbEs enhancements at 2200 and
2215 LT followed by an exceptionally large (9 MHz) fbEs
burst at 2230 LT on 2 September 1993, indicated in Figure
6c, can be related to a PIP event recorded by Pan et al.
[1994] from 2209 to 2237 LT. The enhanced foEs values for
the nearest hour for these three isolated events and an hour
either side are given in Table 2. Both the ionosonde and
VHF radar results indicate isolated phenomena which are
recorded at the same site over very similar time spans
(lasting around 30 min).
5. Discussion and Conclusions
[11] For an EIA crest station, Chung-Li, experimental
evidence in the form of f-plots, as well as superposed-epoch
statistical analyses, have been presented. The results support
the existence of coupling between isolated spread-F events
and sporadic E enhancements. The fbEs values on the f-plots
were used in place of foEs values because of the better
resolution. Although the statistical analyses concentrated
intentionally on postsunset periods of sunspot-maximum
years, nevertheless the f-plots examined suggested that
similar associations are to be found for the remaining hours
of the night. The level of Es occurrence is significantly
greater than for the postmidnight period of sunspot-mini-
mum years (paper 1). Inspections of the f-plot, which reveal
a high percentage of cases (50 percent for set 1) when
suspected spread-F/fbEs associations are found, would
appear by itself alone to give a good indication of the
existence of the coupling (Table 1). This observation is
reinforced by the superposed-epoch analyses. Apart from
the importance of the error bars, two independent sets of
controls have produced similar results (Figures 4a and 4b).
All three plots in Figures 4 and 5 have, near the spread-F
onset times, sudden fbEs enhancements which are main-
tained for an hour, including three consecutive displace-
ments of around 2s. On Figure 5 there is a 1 percent
probability that the displacement of 2.5s is fortuitous
[Croxton, 1949].
[12] Concerning the evidence in section 4 for an associ-
ation between the coupling events and VHF radar results for
Chung-Li, a recent paper for midlatitudes seems to be
relevant. Swartz et al. [2002] have found for the coupling
mentioned in the introduction (p. 1545), ‘‘the E region
exhibited an unusual enhancement with a vertical extent
of about 6 km and caused intense VHF backscatter.’’ Also,
the associated F layer height rise found by Swartz et al.
[2002] is consistent with earlier midlatitude results of
coupling and height rises associated with spread-F and
MS-TIDs [Bowman, 1960, 1986; Bowman et al., 1994].
Similar related height rises have been reported for an EIA
crest region (paper 1).
[13] Tongues of ionization have been detected [Bowman
and Dunne, 1981] on 32 occasions for 14 nights of record-
ing in June 1979, so that at least in midlatitudes their
occurrence is not rare. Several have been recorded in low
latitudes using airglow measurements [Steiger, 1967;
Figure 6. The f-plots sections showing enhanced fbEs
events coincident with VHF radar events for (a) 20 June
1993, (b) 1 September 1992 and (c) 2 September 1993.
Table 2. Hourly foEs Values, Related to fbEs Enhancements
Date Hours foEs Figures
20 June 1993 01 3.3 6a
02 8.7
03 2.7
1 September 1992 21 3.6 6b
22 7.6
23 2.5
2 September 1993 21 7.4 6c
22 10.1
23 3.5
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Steiger et al., 1966; Van Zandt and Peterson, 1968].
Midlatitude airglow experiments have also recorded
enhanced patches indicating localized electron-density con-
centrations [Carman and Gibson-Wilde, 1964]. These
tongues may be present in equatorial latitudes (possibly
associated with the spike events identified here), judging by
the similarities already found with midlatitude events.
[14] Apart from the early midlatitude work (referenced in
paper 1), there have been several recent investigations (see
section 1) which provide evidence for this coupling for both
middle and equatorial latitudes. This paper and paper 1 have
used different time periods (postsunset times of sunspot
maximum years and postmidnight times of sunspot-mini-
mum years). In both cases, statistically and from f-plots,
evidence of this coupling has been found in the ionosonde
data. As MS-TIDs propagate they seem to influence both
ionospheric levels [see Bowman et al., 1994]. It would be
interesting to investigate whether or not similar coupling
events occur at stations close to the geomagnetic equator,
such as Huancayo, Manila, or Kodaikanal.
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